Because ErAs, a semimetal, grows epitaxially on GaAs͑100͒, ErAs-base/ GaAs-collector metal-base transistors provide a uniquely simple system in which to study the interfacial transverse momentum conservation of hot electrons. This system is also of interest for metal-semiconductor superlattice thermal energy conversion devices that utilize ErAs as the interbarrier material. A key requirement for such devices to outperform bulk thermal energy converters is the nonconservation of transverse momentum. Our results, indicating total nonconservation of transverse momentum, could therefore lead to significantly more efficient thermal energy conversion devices. DOI: 10.1103/PhysRevB.71.121311 PACS number͑s͒: 73.20.Ϫr, 73.40.Ϫc, 73.50.Lw In recent years, it has been proposed that superlattice structures can achieve thermoelectric power factors in excess of bulk values. 1,2 To attain such high efficiencies, these devices rely on transverse momentum nonconservation, which allows significantly more carriers to participate in the thermionic emission process. 2 Ballistic electron spectroscopy techniques provide one method of investigating transverse momentum conservation at a metal/semiconductor interface, 3, 4 and in the current investigation these techniques are enhanced through the use of the band structure of the epitaxial ErAs films. [5] [6] [7] Here we present results from a solid-state device version of ballistic electron emission microscopy/spectroscopy ͑BEEM/S͒. 3, 4, 8, 9 These devices utilize an Al/ Al 2 O 3 / Al tunnel junction for electron injection, and the results are averaged over the area of the device. Electrons emitted by the tunnel junction enter a metallic base, which they must traverse to enter a semiconductor collector ͓Fig. 1͑a͔͒. The probability of entering the collector varies as the energy of the emitted electron is varied, allowing a spectroscopic characterization of the ErAs/ GaAs interface. Since the oxide tunnel barrier thickness is fixed ͑and therefore the currentvoltage relationship of the emitter is fixed͒, we normalize the collector current by dividing by the emitter current to extract base transport information. The semiconductor collector for all samples studied in this work is of the same structure: 100 nm GaAs n-type doped to 1 ϫ 10 17 cm −3 grown via molecular beam epitaxy ͑MBE͒ on ͑100͒ n-GaAs substrates. To form the base of the transistor, a film of ErAs of thickness d ErAs is grown on the collector in situ and capped with 100 Å Al, also in situ. Four different samples were grown with varying ErAs film thickness: d ErAs = 120, 138, 180, and 276 Å, ±5 Å, as measured by x-ray diffraction.
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After collector and base fabrication, the sample is removed from the MBE system for further processing. Al 2 O 3 bonding pads 1000 Å thick are deposited using e-beam evaporation and shadow mask lithography. A native oxide of sufficient thickness forms on the exposed Al base layer during transport and processing, so no further oxidation is required to form the tunnel barrier. Two ϳ100ϫ 200 m 2 Al emitters 1000 Å thick are thermally evaporated using shadow mask lithography such that they partially overlap the bonding pad ͑see Fig. 1͒ The devices are operated in common-base configuration at 80 K, and all measurements consist of varying the emitter voltage V eb and measuring simultaneously the emitter current I eb and the collector current I cb at zero collector bias. Figure  2 shows a representative I cb / I eb trace taken on a device with d ErAs = 120 Å. Decreasing V be from zero bias raises the energy of electrons in the emitter with respect to those in the base, enabling them to couple to vacant states above the Fermi energy of the base. Because the probability of tunneling through the oxide barrier depends exponentially on the energy of the electron, the emitter current will be comprised mainly of electrons with energy near the Fermi energy of the emitter, which is eV be above the Fermi energy of the base. This energetic resolution is what allows for the following spectroscopy. If the hot-electron mean-free-path of the base materials is assumed to be slowly varying for electron energies within a few electron volts of the Fermi energy, this technique can be used to estimate the Schottky barrier height E SB at the base-collector interface. For eV eb Ͻ E SB , electrons have insufficient energy to overcome the Schottky barrier, and cannot enter the collector. The resulting I cb has a small linear dependence on V eb due to surface leakage problems associated with ErAs etching.This has been subtracted off in Fig. 2 for clarity but was left for the second derivative analysis since it gives no contribution. For eV eb Ͼ E SB , electrons can enter the collector, and I cb increases superlinearly. Discerning this transition yields E SB . As seen in In GaAs͑100͒, the Schottky barrier is equivalent to the energy barrier between the Fermi level and the ⌫ valley of the conduction band at the base/collector interface. Other valleys, such as L and X, exist at higher energies, and these can be probed spectroscopically in the same manner as the Schottky barrier. 3, 4, 9 Since the energetic spacings of the conduction band valleys are bulk properties of GaAs, using spectroscopy to identify the thresholds of L and X does not reveal additional information about this particular system. However, because the ⌫ point is at the center of the Brillouin zone ͑see the inset of Fig. 3͒ and L is located at ͓111͔ ͑and symmetry-related points͒, spectroscopy above and below the L-valley threshold can reveal the degree of transverse momentum conservation of electrons crossing the ErAs/ GaAs͑100͒ interface. 11 In a simple planar theory, the probability for tunneling is not dependent on the total energy of the electron, but on the amount of energy associated with momentum perpendicular to the metal/barrier interface. 12 This preferentially transmits Fermi energy electrons with a large perpendicular wave vector, and hence small transverse wave vector. As a result of the translational symmetry in the plane, this small transverse momentum is conserved as the electron tunnels into the base. Thus, the electron flux leaving the emitter is almost entirely directed perpendicular to the interface. Upon arriving at the base/collector interface, electrons with the proper energy and transverse momentum can enter available states in the conduction band of the collector. The ⌫ valley is at the center of the Brillouin zone and therefore is comprised of states with relatively little transverse momentum, while the L valley located at ͓111͔ ͑and symmetry-related points͒ consists of states with substantial transverse momentum. Therefore, although the ⌫ valley has a much lower density of states than the L valley, 13 contributions from the ⌫ and L conduction valleys can therefore indicate the extent to which transverse electron momentum is conserved while traversing the base and entering the collector.
A few objections have been raised against this simple theory. One is that the tunnel junction might not be perfectly planar, which would relax the transverse momentum conservation of the barrier and could result in a flux of electrons with larger spread in transverse wave vector.
14 Another is that the transport through the metal base layer is usually not well defined because it is typically a polycrystalline metal. 15, 16 And finally, this theory does not account for multiple reflections within the base layer, 17 which would give the electrons more opportunities to scatter into states with a large transverse wave vector component. Initially, it appears that all three concerns apply in our case. The Al 2 O 3 tunnel junction is formed on polycrystalline Al, and the lateral nonuniformity could result in an oxide barrier with local highconductance areas and decreased translational symmetry. The nonepitaxial Al does not have well defined conduction channels, and there is an Al/ ErAs interface also with poorly defined transport properties. Additionally, multiple reflections within the Al or ErAs or both could possibly lead to an increase in the transverse wave vector.
The key observation in our system is that the available states in ErAs within the relevant energy range ͑0.85 to 1.3 eV above the Fermi energy͒ are either near ⌫ or lie near planes containing ⌫, X, and W ͑the ͕100͖ planes͒. 7 None of these states have a projection onto the GaAs L states in the plane of the interface, as can be seen in the inset of Fig. 3 . The states with X-like character have symmetry-related states, some of which move more perpendicular to the interface and some which move more parallel. Those between ⌫ and X that are directed toward the interface will project directly onto ⌫ in the plane of the interface, while those between X and W may partially project onto ⌫. This observation renders the above objections irrelevant because regardless of the electron's wave vector prior to entering the ErAs it will not have a ͓011͔ momentum component when it arrives at the ErAs/ GaAs interface. It will have to scatter in order to enter the L valley in GaAs͑100͒, and as a result we are able to analyze transverse momentum conservation specifically at that interface.
The validity of this analysis is critically dependent on our knowledge of the band structure of ErAs, which has not been widely studied. If we assume Ref. 7 to only be approximate, then we can at least conclude that some significant fraction of states will project onto ⌫ while none should project onto L. Ideally all relevant ErAs states would project onto ⌫, since states which project onto neither ⌫ nor L cannot be collected without scattering. However, our second derivative analysis is very sensitive to deviations from 100% scattering, as will be shown below and in Fig. 3 , so all that is necessary is for more than a few percent of ErAs states to project onto ⌫ and none onto L, which is the case. The contribution from ErAs states which do not project onto ⌫ decreases the resolution of our measurement, making it impossible to acertain the exact scattering probability of our system, especially if we were to obtain a probability less than 100%.
It is worth noting that BEEM/S studies have been done on epitaxial CoSi 2 ͑Refs. 18 and 19͒ and PtSi ͑Ref. 20͒ on Si.
Although these studies did not attempt to determine the degree of parallel momentum nonconservation, they illustrate the critical role played by the band structure of the epitaxial metal.
The system considered here can be modeled with a Monte Carlo simulation that treats interfacial scattering as an adjustable parameter and ignores multiple reflections as well as elastic scattering in the base. 21 Although the implementation is different, the theory is identical to that presented by Smith et al., 11 with free-electron models describing the Al emitter and base, and an effective-mass model describing the GaAs collector. The ErAs band structure is effectively ignored because the tunneling process is expected to yield approximately the same distribution of transverse electron momenta, within the accuracy of published ErAs band structure information. Scattering is treated as S-wave in character, randomizing the total momentum of the electron. A tunnel barrier thickness of 15 Å and height of 2.2 eV ͑Ref. 22͒ were chosen to yield an emitter current density comparable to that obtained in our devices. The collector current was then normalized by the emitter current and the second voltage derivative was taken. As shown in Fig. 3 , the probability of interfacial scattering greatly affects the relative magnitude of the second voltage derivatives at the ⌫ and L thresholds. As can be seen from the figure, the second voltage derivative of the normalized experimental data agrees well with the Monte Carlo simulation of 100% interfacial scattering, indicating complete nonconservation of transverse momentum at the ErAs/ GaAs interface. The same conclusion can be reached by comparing the undifferentiated data, but in that case the correlation is less pronounced and the linear surface leakage current must be subtracted off. These results are consistent with the naive view that ErAs and GaAs have different crystal structures and therefore the interface lacks the translational symmetry necessary for conservation of transverse momentum. As a check on our reasoning, we can test for the effects of multiple reflections. The electron will arrive at the ErAs/ GaAs interface within one of the available states regardless of the number of times it has traversed the base, so reducing the effect of reflections by increasing the ErAs film thickness should not have a significant impact on the spectroscopy. That this is the case is confirmed by noting the similarity in the second derivative spectroscopy from samples with d ErAs = 138 and 276 Å, as shown in Fig. 3 .
One of the key points made by Vashaee and Shakouri 2 is the importance of transverse momentum nonconservation in heterostructure integrated thermonic ͑HIT͒ energy converters. Using a simulation of a HgCdTe superlattice structure, they compare the two extreme cases: perfect transverse momentum conservation and complete nonconservation. While the conserving system exhibited a maximum ZT of 1.25, the nonconserving system achieved a maximum ZT of over 3.25, illustrating the importance of transverse momentum nonconservation. Although the material system presented in this paper differs from that of Vashaee and Shakouri, their simulation demonstrates that the impact of transverse momentum nonconservation in the case of ErAs/ GaAs could have significant implications for HIT energy converter design in GaAs-based materials, as well as III-V materials in general.
In conclusion, we have used an ErAs/metal-base hotelectron transistor structure to probe the interfacial character-istics of epitaxial ErAs on GaAs͑100͒. Using second derivative spectroscopy, we estimate 100% electron scattering probability at the ErAs/ GaAs interface, indicating complete nonconservation of transverse momentum across the interface. The analysis leading to this estimate utilizes characteristics of the ErAs band structure, and the result is a simple system for the investigation of transverse momentum conservation. These findings could have dramatic implications for the future of solid state thermionics because transverse momentum nonconservation may lead to thermal energy conversion devices with significantly higher ZT values.
